The oxidation behavior of an aluminum nitride (AlN) thin film, fabricated by reactive DC magnetron sputtering using aluminum metal as a target material was examined. The obtained AlN film was transparent with a flat surface. An annealing test was carried out for the AlN film at 1000 in air. The oxidation product was identified as γ -Al2O3 by Rutherford backscattering composition and X-ray diffraction analyses. Transmission electron microscopy showed a polycrystalline Al2O3 film with a grain size of several tens of nm. It was confirmed that the interface of AlN film and silicon substrate was protected from oxidation although the Al2O3 layer thickness increased during the oxidation.
INTRODUCTION
Aluminum nitride (AlN) is used as a high-thermalconductivity ceramic, and is also being researched as a key material for semiconductor devices incorporating gallium nitride (GaN) and its related materials. Although AlN is generally recognized as an easily oxidized material, our previous study 1) showed that AlN has a potential for use as an oxygen barrier because its oxidation speed is not so high. We have demonstrated that an AlN film is effective as an oxygen barrier coating in part of thermal barrier coating (TBC) systems. It is also expected that the expansion accompanying the oxidation prevents surface cracking, while for an alumina layer used as an oxygen barrier in the TBC system by Matsunaga et al. revealed the problem of crack formation at the alumina surface. 2) On the other hand, Kolodzy et al. showed that an Al2O3 layer produced from oxidized AlN is a good insulator for an application in a MIS capacitor. 3) Therefore the oxidation behavior of AlN film is important for various applications, not only in heat-proof coatings but also in semiconductor devices.
The oxidation behavior of AlN film has been studied for sintered substrate at high temperature 4) and epitaxial film at room temperature. 5) In the case of thin film at high temperature AlN films fabricated on silicon 6), 7) and sapphire substrate was studied. 8) In these papers, 6), 8) the author did not discuss on the oxidation of the substrate.
Although Ansart et al. 7) mentioned about oxidation of Si substrate, oxidation behaviors and mechanism of AlN and Si are not clarified.
In this study, we focused on the substrate protection effect of an AlN thin film using a silicon (Si) wafer as a substrate. For this purpose, samples before and after annealing were characterized in detail. The dependences on annealing temperature and time were determined to discuss the mechanism of oxidation process.
EXPERIMENTAL PROCEDURES
AlN films were deposited using a DC magnetron sputtering equipment (UPS-S30 system; Universal Systems).
Sputtered Al from a metal target reacted with the introduced nitrogen gas mixed with argon gas. The flow rates of argon and nitrogen were 8 and 12 sccm, respectively.
Pressure in the chamber was maintained at 3.3~3.5Pa.
The sample was not heated intentionally during the film fabrication. The deposition rate was about 0.2μm/h. These fabrication conditions are the same as those described previously. 1) Single-side mirror-polished Si (100) wafer was used as a substrate. The wafer was successively cleaned ultrasonically in acetone and ethanol, and finally washed in high-purity water. The film was fabricated on a mirrorpolished surface. Samples of AlN films formed on the both upper and bottom surfaces of the wafer were also prepared for comparison.
A furnace with a quartz open tube was used for annealing.
A sample was placed on the upper film surface for exposure to air on a silica boat. The rate of temperature increase was 10 /min from room temperature to the experimental temperatures of 600~1100 for annealing times of 1~3h.
The fabricated film was characterized by X-ray diffraction (XRD) 1) analysis and Fourier transformation infrared spectroscopy (FTIR). XRD was measured using a Rigaku RINT 2200 diffractometer, with the incidence angle of the X-rays fixed at 1.0°in the thin-film-measurement mode.
IR-absorbance spectra were derived from transmission measurements using a System 2000 FT-IR (PERKIN ELMER). The annealed film was analyzed by transmis-sion electron microscopy (TEM) 1) and Rutherford back 
RESULTS AND DISCUSSION 3. 1 Characteristics of AlN film before and after annealing in air
The as-obtained film was transparent and showed an interference color. Figure 1 shows the FTIR spectra of the film in which the main absorption peak appeared at Table 1 Generated RBS spectrum from the depth profile model listed in Table 1 3)
In our previous study, the oxidation product on the metal substrate was α -Al2O3. 1) It is interpreted that the substrate is a key factor for the Al2O3 phase, because our ) and SiOx (1100cm
).
crystals with a grain size of several tens ofnm. The grain size of the poly-crystals near the surface (Fig. 4 (b) ) corresponding to Al2O3 is slightly larger than that of near the interface (Fig. 4 (c) ) corresponding to AlN.
IR-absorption spectra of the annealed samples are also shown in Fig. 1 . After annealing, the 660cm −1 peak corresponding to AlN decreased in intensity, whereas the 450cm −1 peak corresponding to Al2O3 increased in intensity.
This means that the total amount of AlN decreased and
Al2O3 was generated by the annealing. The change induced by the annealing was essentially the same for the AlN film on (a) one surface and (b) both surfaces of the Si wafer except for the change related to SiOx peak at 1000cm
2 Protection effect of AlN thin film on Si Substrate
Figure 1 (b) shows FTIR spectra of the sample fabricated AlN films on both surfaces of the substrate. The absorption peak near 1100cm −1 that is related to native Si oxide negligibly changed with the annealing. In the case of the sample AlN film formed on one surface shown in Fig. 1 (a) , the peak increased in intensity markedly after the annealing. This change means that the bottom surface of the Si wafer was oxidized.
A very thin amorphous layer can be observed at the interface between the Si substrate and the AlN layer in the TEM image (Fig. 4 (c) ). This thin layer is regarded as the Si oxide layer, thickness of which is approximately 1~3nm, which is comparable to that of the native oxide layer at the surface of the Si wafer. For example, native-oxide thickness exposed in a clean-room was reported by Yano et al. 13) In this paper, oxide layer thicknesses approached to 1nm depending on exposure time and their increase seems to be continuing. Thus, the TEM image suggests that the oxidation of the Si surface did not proceed during the annealing. es : (a) local oxidation along a crack or a grain boundary, 
3 Oxidation behavior of AlN
Since the Al2O3 layer was formed progressively on the surface of the AlN film, oxidation layer thickness depending on time and temperature can be estimated from the FTIR spectra. Figure 6 (a) shows the time dependence of the oxide thickness derived from the absorption peak at 450cm −1 .
Because Al2O3 has an absorption peak at 450cm −1 , 9) and absorption intensity is in proportional to the amount of The calculated oxidation speed is about 100nm/h at 1000 .
The annealing temperature dependence of oxidation film thickness is shown in Fig. 6 (b) . Although oxidation proceeded negligibly under 800 in air, the oxidation speed increased markedly beyond 900 .
SUMMARY
We 
